Introduction
Achieving high-T c superconductivity through surface and interface engineering is among the most fascinating recent developments in the field of complex materials design [1, 2, 3, 4, 5] . FeSe is the simplest Fe-based high-T c superconductor showing superconductivity in bulk below 9 K at ambient pressure [6] . It consists of two-dimensional Fe 2 Se 2 layers, weakly bound by van-der-Waals forces. Most notably, the prominent increase of T c to the highest transition temperatures (between 60 and 100 K) within the family of the iron-based systems have been reached in a single Fe 2 Se 2 layer on Nb-doped SrTiO 3 [7, 8, 9, 10, 11, 12] . The success of this materials-design strategy intimately relies on a clear understanding of the key physical properties, changed through the interface. It has been established for single-layer Fe 2 Se 2 that the substrate suppresses nematic order, changes the lattice constant, modifies the electronic structure, and supplies additional charge carriers [13, 14] . For example, the Fermi surface of bulk FeSe displays hole pockets at the zone center Γ and two electron pockets at the corners of the Brillouin zone near the M -point [8, 14] (see upper panel of Fig. 1a ). First principles calculations of the transition temperature solely based on conventional electron-phonon coupling predict a much lower critical temperature than the observed one [15] . Neutron scattering experiments have, however, revealed a magnetic resonance mode within the superconducting gap, which is a characteristic for a sign changing order parameter as it involves spin fluctuations as mediating bosons responsible for Cooper pairing [16] . The change of sign in the gap of s ± -symmetry occurs between the electron and hole pockets and pairing is believed to be mediated by spin fluctuations near the antiferromagnetic ordering vector of stripe type ordering [17] (see upper panel of Fig. 1a) . Thus, bulk FeSe is likely an unconventional superconductor. In the single-layer FeSe samples, the hole pockets are, however, pushed down to about 80 meV below the Fermi level, leaving the Fermi surface only with the two electron bands near the zone boundary [10, 8] (see lower panel of Fig. 1a ). This remarkable observation challenges the above scenario for the pairing glue in the monolayer system, as the coupling between electron and hole pockets discussed for bulk FeSe cannot be operative, here. Observation of shadow bands in angle-resolved photo-emission spectroscopy (ARPES) data has been considered as an indication of a conventional pairing by vertically polarized optical phonons near the zone center localized at the TiO 2 interface layer [11, 18, 19] .
At interfaces and surfaces, inversion symmetry is broken leading to much larger spinorbit effects. Taking spin-orbit interaction into account, the degeneracy at the borders of the first Brillouin zone of the two electron bands, which stem from the two Fe atoms within the unit cell, is lifted [20] . Thus, we are left with two non-intersecting Fermi surfaces in the two-dimensional band structure (see Fig. 1a ). It is well established from scanning tunneling spectroscopy (STS), that the monolayer FeSe exhibits a full gap without nodes (see also our observation in Fig. 1b) . Given the absence of Fermi surface sheets at theΓ point, together with broken inversion symmetry and spin-orbit coupling, a fully gapped state is consistent with sign changing s-wave symmetry pairing states or sign preserving s-wave pairing [21] . The former would emerge e.g. under a spin-fluctuation mechanism, with or without assistance due to phonons that scatter at small momentum, while the latter would be consistent within predominantly phonon-mediated pairing. To distinguish these two scenarios the analysis of the bosonic pairing function in the superconducting state is required as well as an investigation of the coupling to substrate phonons. Both will be accomplished in this paper via inelastic tunneling spectroscopy (ITS) and electron energy loss spectroscopy (EELS).
Bosonic Glue
We use ITS to determine the energy resolved electron-boson coupling. This approach utilizes electrons at the relevant energy scale to directly determine the coupling. As has been shown recently, when tunneling from a non-superconducting tip into a superconductor, the differential conductance dI/dU = σ tot = σ el + σ inel consists besides the conventional elastic contributions σ el of significant inelastic contributions σ inel [22, 23, 24] . Due to the spatial confinement of the electrons in the tip apex, the wave vector of the tunneling electrons is widely spread. As a consequence, the inelastic contribution is given by an integration over momentum space of the scattering probability of electrons from bosons and thus the optical theorem links this inelastic contribution to the imaginary part of the susceptibility Imχ(ω) multiplied by the corresponding electron-boson coupling constant g 2 [24] . Inelastic tunneling only detects bosonic excitations that actually couple to the electron liquid. When the density of states (DOS) of the electrons is nearly constant, the second derivative of the tunneling current d 2 I/dU 2 in the normal state is directly proportional to g 2 Imχ(ω). In the case of conventional electron phonon coupling g 2 Imχ(ω) is the Eliashberg function α 2 F (ω) [22] . In case the bosonic spectrum is predominantly due to electronic excitations, d
2 I/dU 2 of the normal state corresponds to diffusive, i.e. overdamped, collective modes, which quickly decay into particle-hole excitations near the Fermi energy.
In the superconducting state of a conventional superconductor, both elastic and inelastic contributions lead to fine structures in the BCS DOS at energies corresponding to maxima in α 2 F (ω) shifted by the gap ∆ [25] . In case the bosonic excitations of electronic nature, the generic expectation is that the excitation spectrum experiences a gap of 2∆. For a sign-changing gap function an excitonic bound state forms at somewhat lower energies ω res ≈ 1 · · · 1.3∆, depending on the coupling strength [26, 27] . Yet, below ω res the spin-spectrum is still gapped. This means that in tunneling spectra recorded in the superconducting state, no inelastic contributions due to spin-fluctuations are possible below ∆ + ω res ≈ 2.3∆. Thus, σ tot in the superconducting case is lower than in the normal state at these energies. This is a fingerprint of electronic pairing and indicates the opening of a gap in the bosonic spectrum, as has been discussed in detail [24, 28] . In Fig. 1b we show such a suppression of bosonic spectral weight for single layer FeSe on STO. In this system, the electronic DOS is not a constant but increases with energy, i.e. the tunneling spectra are tilted. In order to remove this band-structure effect, we take the standard approach and symmetrize all spectra. This suppresses the effects due to the energy dependence of the DOS to first order. The differential conductance in the normal state (above the transition temperature) is shown in blue. The parabolic increase caused by the inelastic contributions is a characteristic feature of the normal state [29, 24] . The superconducting spectrum (black) shows besides the coherence peaks at ∆ ≈ ±10 meV a reduced differential conductance below that of the normal state in the energy range above the coherence peaks up to ≈ 2.3∆. This demonstrates the formation of a gap in the bosonic excitation spectrum characteristic for an electronic pairing mechanism. At ≈ 2.3∆ dI/dU increases abruptly, stays flat and rises again at ≈ 3∆ to approach the signal of the normal state. This behavior is fully in agreement with a spin-fluctuation mediated superconductivity with the 2∆ gap in the bosonic excitation spectrum and the resonance mode at ω res ≈ 1.3∆. Thus, our results strongly support a fully developed gap with a sign changing order parameter. Now, let us take a step further and invert the observed tunneling spectrum to obtain the weighted bosonic spectrum g 2 χ(ω). In distinction to the Eliashberg function α 2 F (ω) for phonon-mediated superconductivity, χ (ω) for electronic pairing is heavily renormalized when entering the superconducting state. In order to obtain g 2 χ(ω), we take the symmetrized spectrum in the superconducting state with its characteristic features and estimate the elastic conductance by an anisotropic gap fit in the energy range where inelastic tunneling is forbidden |eU | < ∆ + ω res . On the assumption of the existence of two different ellipse electron pockets which are hybridized due to spin-orbit coupling, avoided crossings can be expected at the intersections of two electron pockets [30, 31] . For the anisotropic gap fit in Fig.2a , a model function F (ϕ) = |f 1 (ϕ)| + c · |f 2 (ϕ)| with |f 1/2 (ϕ)| = a 1/2 + b 1/2 · cos(4ϕ) was used for the two bands resulting in a 1/2 = 10.98/7.48, b 1/2 = 1.77/0.088 and c = 0.37. In Ref. [31] , the superconducting gap showed comparable sizes and anisotropy. Note, however, that in that work, the lifting of the band intersections due to spin-orbit interaction was not considered. The fit (blue area) nicely reproduces the gap and the coherence peaks, i.e. it is in agreement with purely elastic tunneling. In a next step, the experimental inelastic conductance can be estimated from σ exp inel (eU ) = σ exp tot (eU ) − σ el , as indicated in red. In order to deconvolute Imχ(ω) from σ inel , we start with a trial function function, insert into the expression for the inelastic tunneling current given in Ref. [24] for the inelastic contribution to the conductance and generate an improved expression for Imχ(ω). We repeat this procedure until convergence is reached. For details see the supplementary material. The initial guess trial function is a smooth function and reflects the overdamped spin fluctuations of the normal state (black dotted curve in Fig. 2b . It is chosen to be similar to the measured inelastic d 2 I/dU 2 spectrum in the normal state (blue curve in Fig. 2b) , measured above T c (60 K) using
The self-consistently determined result that is proportional to g 2 Imχ(ω) in the su- perconducting state (purple spectrum in Fig. 2b ) clearly shows a gap followed by the resonance mode at ≈ 1.3∆ and a continuous excitation spectrum, above. All this is in agreement with unconventional superconductivity mediated by spin-fluctuations and the changes of the spin-fluctuation spectrum between the normal (blue curve) and the superconducting state (purple) agrees well with the expected renormalization. In order to check for consistency, i.e. that the spectrum acquires the gap below T c , we thermally smeared the low-temperature spin-fluctuation spectrum (green curve). The thermal smearing at that temperature is not enough to completely wash-out the overall shape. Most importantly, it clearly deviates from the spectrum measured at that temperature (compare green and blue curves in Fig. 2b) . Thus, the bosonic spectrum obtains its gap in the superconducting state, only.
As shown in the supplementary material, we observed variations in ∆ from sample to sample or within different areas of the sample. The observed features in the deconvoluted Imχ (ω) are present in all tunneling spectra and show a gap that roughly scales with ∆ in agreement with the spin-fermion model. Similarly, thermal broadening of the deconvoluted spectra of the superconducting state differ significantly from the spectra recorded in the normal state. 
Interfacial Phonon Contributions
To shed light onto the role of interfacial phonons, which were proposed to play a crucial role for the strong increase of T c [11, 19, 18, 15, 32, 33, 34, 35, 36, 37] , we investigated phonons by STM and EELS carried out on the same system. For the EELS measurement, the phonon spectrum was probed with primary electrons of 4.2 eV along the Γ-X of the surface Brillouin zone. In order to obtain a good signal to noise ratio, the energy resolution was set on 11.5 meV and the measurements were performed above T c at T = 135K (for further information see the Supplementary Material). During the experiments the total scattering angle θ 0 was fixed on 80
• . Different wave vectors were achieved by changing the angle of incident beam and surface normal θ. Fig. 3a shows the measured phonon dispersion relation. Near the zone center (Γ-point) we observe the interfacial STO phonons to appear at energies of 57 meV and 91.5 meV.
These two modes show a weak dispersion while increasing the wave vector from Γ towards the zone boundary X-point, in agreement with previous results [37] . In the following we discuss the 91.5 meV phonon, as it has been suggested be responsible for the replica band observed in the ARPES experiments and for boosting T c [11, 19, 18, 15, 32, 33, 34, 35, 38, 36, 37] . The spectra are fitted using a convolution of a Gaussian and a Lorentzian function representing the instrumental and lifetime broadening of the phonon. The total and intrinsic line width as a function of wave vector is shown in Fig. 3b . The intrinsic line width is about 11.5 meV at the Γ-point and remains nearly constant over a large fraction of the Brillouin zone up to q = 0.6Å −1 when it increases to about 17.7 ± 1 meV at the X point. The nearly q-independent intrinsic line width excludes particularly strong electron-boson coupling near the zone center (Γ-point). This is in contrast to the discussed mechanism of the occurrence of shadow bands requiring an almost exclusive electron-phonon coupling at Γ [11] . Moreover, the intrinsic line width of this mode is about an order of magnitude smaller than the energy of the mode causing only weak electron-electron attraction. The phonon line width γ divided by the phonon frequency ω ph is roughly γ/ω ph ≈ Z − λ ω ph W [39] , where λ is the dimensionless phonon frequency, W the effective band width and Z − the spectral weight of the satellite peak, respectively [40] . As ω ph /W is significantly larger in FeSe compared to ordinary metals, these results do not support a very large coupling constant. From the line width of the EELS 92 meV phonon branch we determine λ ≈ 0.25 in good agreement with literature [37, 40, 15] . The key observation is, however, that there is no discernable momentum dependence of the line width, in distinction to the expectation of forward scattering dominated coupling to substrate phonons.
Similar conclusions can be drawn from STM investigations of inelastic tunneling experiments in the energy range of the phonons. Interestingly, the ITS data recorded on the FeSe layer is not homogeneous. Fig. 4 summarizes these findings. Panel A shows an atomically resolved topography of the FeSe film near a translational domain boundary (dashed line). Here, the lattice is shifted by half a unit cell, i.e. upper and lower Se atoms are exchanged. This is illustrated in Fig. 4b in more detail, where the black rectangle marks the area within which we recorded laterally resolved dI/dU and d 2 I/dU 2 spectra at the same time. Fig. 4c shows three different d 2 I/dU 2 spectra which were averaged over the corresponding color-marked areas of Fig. 4b . An antisymmetric dip-peak pair is clearly visible around ±60 meV for the red spectrum, i.e. at the domain boundary. This energy coincides with the lower energy phonon mode found in EELS. The antisymmetric dip-peak shape of the spectrum further confirms an inelastic excitation. For the two areas next to the boundary (blue/green), this dip-peak pair nearly disappears. This nicely shows that the coupling between the low energy tunneling electrons and the 50 meVphonon is restricted to the boundary area, i.e. is localized. Most interestingly, the size of the superconducting gap does not change significantly when going through the domain boundary. This is illustrated in Fig. 4d with dI/dV spectra of the gap region where the gap does not vary in agreement with [41] . The fact that electron interaction with the 50 meV-phonon is only observed at the boundary, while the superconducting gap size does not change clearly shows that the interfacial electron-phonon coupling of this mode cannot be the reason for the strong increase of T c in a single layer FeSe on STO. Furthermore, a significant inelastic excitation around ±90 meV is missing completely. This excludes a strong coupling of low-energy electrons to a 90 meV substrate phonon to play a crucial role for T c . Moreover, these results suggest coupling to the 90] meV phonon only to appear with electrons in EELS and ARPES experiments, that are of higher energy and leave the interface to the vacuum. Vertically polarized phonons can be excited via the electric field of the free electron and its induced mirror charge in dipole scattering.
Methods
The measurements were performed on ex-situ and in-situ samples. Growth was performed based on the same recipe. Either reflective high energy electron diffraction (RHEED) or medium electron energy diffraction (MEED) assisted molecular beam epitaxy (MBE) was applied. Before the actual growth process, the STO-surface was carefully degassed under ultra high vacuum (UHV) up to temperatures of about 1100
• C. Subsequently, the simultaneous evaporation of Se and Fe on STO was performed at a substrate temperature of 480
• C with a flux ratio of Se/Fe ≈ 10:1. The FeSe growth-rate was 0.059 ML/min. Afterwards, the samples were post-annealed at 500
• C for several hours. Ex-situ samples were protected against air with a thick Se cover layer that was desorbed in UHV by heating to 500
• C. Spectroscopic measurements were performed with three different STMs: A commercial Unisoku LT-STM, a home-built Joule-Thompson STM (JT-STM) [42] and a dilution refrigerator assisted STM (DT-STM) [43] . In-situ investigations of the samples was realized either by a directly attached MBE-chamber (Unisoku LT-STM) or via a a separate MBE-chamber and a UHV suitcase (JT-and DT-STM).
The EELS experiments were carried out in an UHV system (base pressure of 3 × 10 −11 mbar) equipped with Auger electron spectroscopy (AES) and low energy electron diffraction (LEED). The sample was transferred via an UHV vacuum suitcase from the DT-STM to the EELS set-up. A spin-polarized electron beam was used as the primary beam for this experiment. As phonons are spin-independent excitations, we only analyze the spin-integrated signal. The energy resolution of the spectrometer can be as high as 4-5 meV. However, in order to obtain a good signal to noise ratio, the measurements were performed using an energy resolution of about 11.6 meV. The spectra were recorded at a sample temperature of T = 135 K. The incident electron energy was 4.2 eV and the degree of spin polarization of incident electrons was (72 ± 5)%. The wave vector q of phonons is determined by the scattering geometry: q = k i sin θ − k f sin(θ 0 − θ), where k i (k f ) is the magnitude of the wave vector of the incident (scattered) electrons, and θ (θ 0 ) is the angle between the incident beam and sample normal (the scattered beam). The momentum resolution of the spectrometer is given by ∆q = √ 2mE i /h(cos θ + cos(θ 0 − θ))∆θ, here ∆θ = 2
• [44] . It is about 0.03Å −1 in our experiment. Different wave vectors were achieved by changing the scattering angles. In our experiments we fix the angle θ 0 on 80
• and change θ by rotating the sample about the main rotation axis, being perpendicular to the scattering plane.
Topography
A typical topography for an in-situ grown sample is shown in Fig. S1 . The FeSe-coverage was in this case a bit less than one monolayer. Within the holes of the film, the bare STO becomes visible. For the ex-situ samples, a slight degradation of the film quality could be observed with some persistent impurities arising on the surfaces in agreement with literature [S1,S2] . Nevertheless, for the clean areas, we observed the same spectroscopic features as for the in-situ sample. 
EELS geometry
For the electron energy loss spectroscopy measurements schematic representation of the scattering geometry is given in Fig. S2 .
Electronic structure
FeSe layers were electronically not completely homogeneous. The appearance of the superconducting gap varied spatially. Also the superconducting gap size varied slightly among the samples. Nevertheless, the striking drop around ∆ + ω res below the corresponding normal state spectrum could be observed for every sample. In Fig. S3a-c , symmetrized dI/dU spectra of three other samples and surface positions compared to the spectra shown STO substrate
[010] Note that experimentally it is not feasible to record pairs of spectra (in the superconducting and the normal state) with exactly the same tip-sample distance. In order to compare the pairs of spectra, they have been normalized to the same differential conductance at 50 mV. This assumes that the electronic DOS in both states is identical for energies far above the gap (elastic tunneling) and identical cross sections for excitations of high energy bosons by hot electrons (inelastic tunneling), but neglects thermal assisted inelastic tunneling contributions. Thus, the normalized spectrum in the normal state is only a lower bound to the differential conductance recorded for same tip-sample distance.
Theoretical methods-Deconvolution of the integrated bosonic tunneling spectrum Next we summarize the main steps for the deconvolution of the tunneling spectra that leads to the boson spectrum ∝ Imχ (ω). As shown in Ref. [S3] the inelastic contribution σ inel (V ) to the conductivity for T ∆ is given as
with constant A = g 2 σ 0 / (D 2 ρ F ). σ 0 is the normal state conductance of the tip to the substrate. ρ F is the normal density of state and D a characteristic bandwidth of the system. ρ sc ( ) is the density of states of the superconducting state. In our analysis we used the finite temperature version of σ inel (V ) given in Eq.(2) of Ref. [S3] . We determine ρ sc ( ) from a BCS-fit with angular dependent gap, see main text. ρ sc ( ) also determines the elastic contribution and allows us to subtract the latter from the total, experimentally determined inelastic conductance σ exp inel (V ). Starting from an initial trial for Imχ (ω), where we use a structureless overdamped spectrum realistic to the normal state, we obtain σ inel (V ). The difference ∆σ inel = σ exp inel (V ) − σ inel (V ) can now be used to yield a corrected bosonic spectrum ∆Imχ (ω) = dω δImχ (ω) δσ inel (ω) ∆σ inel (ω)
until convergence is reached. The variational derivative is given as
with L ( , ω) = n F ( − ω − eV ) n B (ω) (1 − n F ( )) + n F ( ) (1 + n B (ω)) n F ( − ω + eV ) + n F ( + ω + eV ) (1 + n B (ω)) (1 − n F ( )) + n F ( ) n B (ω) n F ( + ω + eV ) .
Here n F is the Fermi-Dirac and n B the Bose-Einstein distribution.
